Abstract. Aquaporin-2 (AQP2) is one of the membrane water channel proteins expressed in principal cells of the kidney collecting ducts. In the basal state, AQP2 resides in the storage vesicles localized in the subapical cytoplasm. Upon stimulation with vasopressin, AQP2 is translocated to the apical plasma membrane by the exocytic fusion of the storage vesicles with the apical membrane. This translocation enables the transepithelial reabsorption of water from the lumen to the interstitium via AQP2 at the apical membrane and AQP3 / AQP4 at the basolateral membrane. AQP2-storage vesicles are distinct from the endoplasmic reticulum, Golgi apparatus, trans-Golgi network, and lysosomes. The early endosomal marker EEA1 is colocalized with some of AQP2 vesicles. Further analyses in Madin-Darby canine kidney (MDCK) cells transfected with AQP2 revealed that subapical Rab11-positive / EEA1-negative smaller vesicles constitute part of the AQP2 storage vesicles for the translocation to the apical membrane. Termination of stimulation results in the retrieval of AQP2 to the larger EEA1-positive early endosomal compartment. AQP2 is then transferred to the subapical storage compartment in a PI3-kinase-dependent manner. GLUT4 is an isoform of glucose transporters whose localization is also regulated by vesicular trafficking induced by insulin stimulation. Comparison of the intracellular localization of AQP2 with GLUT4 suggests distinct regulation of AQP2 trafficking.
Introduction
Water transport across the cellular membrane is mediated by water channel membrane proteins, aquaporins (AQPs). The water channel was first identified as CHIP28 (channel-like integral protein of 28 kDa), later termed aquaporin-1 (AQP1), from the human erythrocyte membrane (1) . As water transfer is one of the most ubiquitous phenomena of life, aquaporins are widely distributed in all types of life, bacteria, plants, and animals (2 -4) . In mammalian cells, more than ten isoforms of water channel aquaporins have been identified.
Aquaporins in the kidney
The kidney is an organ specialized for the homeostasis of water in the body. At least 7 isoforms of aquaporins (AQPs 1, 2, 3, 4, 6, 7, and 8) are expressed in the kidney (4, 5) . Most of them are expressed in the cells of proximal tubules, descending limbs of the Henle's loops, collecting ducts, blood vessels, and renal pelvis. Collecting ducts are the final segment of urine production, where vasopressin-dependent water reabsorption controls the volume of the urine. Water transfer in collecting ducts is mediated by AQP2, AQP3, and AQP4 expressed in principal cells (4, 5) . In the basal state, AQP2 is localized in cytoplasmic vesicles. It is inserted to the apical plasma membrane by the exocytic process of AQP2-bearing vesicles in response to vasopressin (5, 6) . This enables the initial step of the reabsorption of water: transfer of water through the apical membrane via AQP2. In the basolateral membrane are AQP3 and AQP4, through which water exits from the cell to the interstitium. AQP2 plays a critical role of urine concentration in the kidney, since the mutation of AQP2, either loss of activity or aberrant localization and trafficking, results in diabetes insipidus, the inability to concentrate urine (6 -8) .
Characterization of intracellular AQP2 storage compartment
In the basal condition, AQP2 is stored in intracellular vesicles located mostly in the supranuclear/ subapical cytoplasm (5, 6, 9) . We characterized the AQP2 vesicles in the principal cells of the rat kidney collecting ducts using semithin frozen sections (10) . Double-labeling with organelle-marker proteins revealed that the intracellular AQP2 compartment is distinct from the endoplasmic reticulum, Golgi apparatus, trans-Golgi network (TGN), and lysosome. A portion of AQP2 vesicles are positive for the early endosome marker, early endosome antigen-1 (EEA1), suggesting a possible role of the endosomal system in the intracellular trafficking of AQP2.
To further characterize the intracellular AQP2 compartment, we performed immunohistochemical examination in cultured renal epithelial cells, Madin-Darby canine kidney (MDCK) cells stably transfected with human AQP2 (MDCK-hAQP2 cells) (11) . In MDCKhAQP2 cells, AQP2 is localized predominantly in the subapical cytoplasm in the basal state and is translocated to the plasma membrane by increasing the cytoplasmic cyclic AMP level with forskolin ( Fig. 1) . These features are the same as seen in kidney collecting duct cells, and therefore these AQP2-expressing MDCK cells serve as a good model system for analyzing AQP2 trafficking. Double-labeling with organelle marker proteins revealed that the intracellular AQP2 compartment is distinct from the endoplasmic reticulum, Golgi apparatus, TGN, and lysosome as is seen in the kidney. In the basal state, AQP2 is localized in close proximity to, but distinct from, EEA1-positive early endosomes. On the other hand, colocalization of AQP2 to Rab11, an apical recycling endosome marker, was seen (11). AQP2 is distinct from the transferrin-loaded basal recycling compartment. These observations indicate that AQP2 is stored in the compartment in / or with close relationship to the endosomal compartment, especially apical recycling endosomes (Fig. 2) .
We then compared the intracellular localization of AQP2 with that of glucose transporter GLUT4 (11) . GLUT4 is an isoform of facilitated-diffusion-type glucose transporter whose localization in the cell is regulated by insulin (12) . As is seen in AQP2, GLUT4 is stored in the intracellular compartment in the basal state. Treatment with insulin induces the translocation of GLUT4 from the intracellular storage compartment to the plasma membrane. Such increase of cell surface GLUT4 is the cellular basis of insulin-stimulated increase of glucose uptake in adipocytes and myocytes. When GLUT4 was transiently expressed in MDCKhAQP2 cells, GLUT4 was also sequestered in intracellular compartments as seen in adipocytes and myocytes, but its localization was distinct from that of AQP2. Although translocation of GULT4 from the intracellular storage compartment to the plasma membrane upon insulin stimulation in adipocytes and myocytes is comparable to that of AQP2 upon vasopressin stimulation in kidney cells, the differential intracellular localization suggests that each of them employs distinct cellular machinery of intracellular storage and regulation of their trafficking. The difference could be attributed to the differential signal transduction machinery for translocation: tyrosine-kinase-mediated system for GULT4 and protein kinase A-mediated system for AQP2.
Translocation of AQP2 to the plasma membrane and its retrieval to the storage compartment Forskolin stimulates the translocation of intracellular AQP2 to the apical plasma membrane. Freeze-fracturereplica electron microscopy revealed that an aggregate of intramembranous particles appears at the plasma membrane. These particles were shown to represent AQP2 by the fracture-label technique (13) . One of the characteristic features of AQP2 translocation is that most of the intracellular AQP2 is translocated to the plasma membrane upon stimulation. Only a portion of the intracellular GULT4 is subject to translocation to the plasma membrane, and a large amount of GULT4 is still retained intracellularly in the Golgi and TGN regions even at maximal insulin stimulation. Such a difference may be due to the difference in intracellular storage sites: In AQP2, many more molecules are stored in the "ready-to-go" endosomal compartment near the plasma membrane, whereas in GLUT4, many molecules are stocked in "not-ready-to-go" compartments such as TGN or the Golgi.
When forskolin is washed out, retrieval of cell surface AQP2 to the intracellular compartment commences. Immumolabeling with clathrin showed that AQP2 is concentrated in the clathrin-coated pits (13) . Expression of dominant-negative dynamin 1 and 2 revealed that endocytosis is dynamin-dependent (13). Double-labeling with early endosomal marker EEA1 showed the dominance of AQP2 / EEA1-double-positive vesicles at the early part of the retrieval process, showing that endocytosed AQP2 first enters the early endosomal compartment (11) (Fig. 2) . The AQP2 / EEA1-doublepositive vesicles are larger than the original EEA1-negative AQP2-storage compartment in diameter and are localized in the supranuclear cytoplasm. Actin filaments play an important role in trafficking of the retrieval to the storage compartment since their disruption with cytochalasin D or latranculin B resulted in the accumulation of AQP2 in this early endosomal compartment (Y. Tajika and K. Takata, unpublished observation).
AQP2 in the early endosomes is then transferred to the subapical AQP2-storage compartment, a part of which is Rab11-positive (Fig. 2) . Wortmannin and LY294002 greatly retarded this transfer, suggesting it is a PI3-kinase-dependent process (11) . Since not all the AQP2 vesicles are Rab11-positive in the basal state, identity of the AQP2 storage compartment and its relationship to the apical recycling endosomal compartment remains to be studied in detail.
Involvement of lipid rafts
The cellular membrane is not a uniform structure. Rather, it consists of distinct domains such as apical and basolateral domains in polarized epithelial cells. Recent studies on the heterogeneity of the membrane structure have been focused on the membrane microdomains called lipid rafts (14) . Rafts are detergent-insoluble membrane fractions characterized by the enrichment of cholesterol, glycosphingolipids, and GPI (glycosylphosphatidylinositol)-linked proteins. Caveolae are omega-shaped cell surface indentations rich in membrane proteins caveolins and cholesterol and represent a type of rafts in a broad sense. These rafts and / or caveolae serve as scaffolds for a variety of cellular signaling molecules and hence play critical roles in the intracellular signal transduction and vesicular trafficking.
A significant amount of AQP2 was recovered in the Triton X-100-insoluble fraction in MDCK-hAQP2 cells (T. Aoki and K. Takata, unpublished observation). Little is known, however, about the role of rafts on the translocation and retrieval of AQP2 in kidney cells. In GULT4, possible roles of rafts in the insulin-signal transduction and GLUT4 trafficking have been reported. A small GTP-binding protein TC10 is localized in lipid rafts and its association in rafts and reorganization of cortical F-actin structure were suggested to be involved in the translocation of GLUT4 in adipocytes (15 -17) . Further analyses on the role of rafts in GLUT4 will shed light on the significance of rafts in the trafficking of membrane molecule trafficking between the plasma membrane and the intracellular storage compartments.
Roles of cytoskeletons in the AQP2 trafficking
In amphibian urinary bladder and rat kidney inner medullary collecting ducts, vasopressin depolymerizes actin filaments in the apical regions of the granular cells and principal cells, respectively (18, 19) . These observations suggest that fusion of water channel-bearing vesicles is promoted by the reorganization of cortical actin filaments. Cytochalasin D induced both depolymerization of the F-actin cytoskeleton and AQP2 translocation in primary cultured inner medullary collecting duct cells (20) . Inhibition of Rho also induced the depolymerization of the F-actin and AQP2 translocation, whereas expression of constitutively active RhoA induced formation of stress fibers and abolished AQP2 translocation in response to forskolin, indicating that Rho-controlled actin cytoskeleton reorganization regulates the translocation of AQP2 (20) .
Perspectives
Despite the importance of AQP2 in the regulation of urine concentration, the intracellular storage compartment of AQP2 and the regulation of AQP2 trafficking have been poorly understood. Combined molecular and morphological analyses will shed light on this unique feature of this molecule.
